Abstract Co-cultures of endothelial cells (EC) and mesenchymal stem cells (MSC) in three-dimensional (3D) protein hydrogels can be used to recapitulate aspects of vasculogenesis in vitro. MSC provide paracrine signals that stimulate EC to form vessel-like structures, which mature as the MSC transition to the role of mural cells. In this study, vessel-like network formation was studied using 3D collagen/fibrin (COL/FIB) matrices seeded with embedded EC and MSC and cultured for 7 days. The EC:MSC ratio was varied from 5:1, 3:2, 1:1, 2:3 and 1:5. The matrix composition was varied at COL/FIB compositions of 100/0 (pure COL), 60/40, 50/50, 40/60 and 0/100 (pure FIB). Vasculogenesis was markedly decreased in the highest EC:MSC ratio, relative to the other cell ratios. Network formation increased with increasing fibrin content in composite materials, although the 40/60 COL/FIB and pure fibrin materials exhibited the same degree of vasculogenesis. EC and MSC were co-localized in vessel-like structures after 7 days and total cell number increased by approximately 70%. Mechanical property measurements showed an inverse correlation between matrix stiffness and network formation. The effect of matrix stiffness was further investigated using gels made with varying total protein content and by crosslinking the matrix using the dialdehyde glyoxal. This systematic series of studies demonstrates that matrix composition regulates vasculogenesis in 3D protein hydrogels, and further suggests that this effect may be caused by matrix mechanical properties. These findings have relevance to the study of neovessel formation and the development of strategies to promote vascularization in transplanted tissues.
Introduction
Angiogenesis and vasculogenesis are biological processes that are vital to developing and regenerating tissues [1] . Vasculogenesis is the de novo formation of neovessels through the assembly of endothelial cells (EC) into a tube, followed by stabilization and maturation into a blood vessel. Angiogenesis creates new vessels via the sprouting of new capillaries from existing vasculature. When tissues are transplanted, these processes are critical in enabling the transport of nutrients and waste products and achieving integration of the transplanted tissue with the host vasculature [2, 3] . The field of tissue engineering has encountered a particular challenge in creating large tissue constructs that can be transplanted without subsequent loss of tissue viability, since the limit of effective diffusive transport has been suggested to be only 150-200 lm [4] . The interior regions of large implanted tissues therefore become necrotic due to the lack of a functional vascular supply to provide convective transport [5] . Stimulating the rapid creation of a functional vascular supply by either vasculogenesis or angiogenesis is a key to maintaining tissue viability post-implantation [6] .
A number of experimental investigations have demonstrated that important aspects of vasculogenesis can be recapitulated in vitro [7] [8] [9] . Recent studies have focused on the interactions of EC with stromal cells in generating vessel-like structures [10] [11] [12] . In such co-culture systems, stromal cells have been suggested to act as pericytes that provide paracrine factors to induce the formation of vessel structures and also stabilize neovessels by providing mechanical support [13, 14] . In vivo evidence suggests that the lack of a stromal cell component leads to pathological vessel formation characterized by hyperplasia and irregular EC morphology [15, 16] .
Co-cultures of EC and mesenchymal stem cells (MSC) have been used as a model of vasculogenesis and it has been shown that MSC can function as pericytes to promote vessel formation and maturation [17] [18] [19] . In this role, MSC secrete specific pro-angiogenic cytokines [20, 21] and control the permeability of neovessels through regulation of cell-cell adherens junctions [22, 23] . The ratio of EC to MSC has been shown to affect cell function and capillary morphogenesis. Lower EC:MSC ratios have been associated with higher cell metabolic activity in vitro, though higher ratios increase the proportion of CD31? cells [24] . In vivo, lower ratios have been associated with an increased vasculogenic response [25] , and functional prevascular networks have been observed in vivo at even very low (2:99) ratios [26] . Although the effect of EC:MSC ratio is not yet clear, it is likely to be one of the contributing factors in determining the rate and degree of vasculogenesis.
Vasculogenesis has been studied in a variety of extracellular matrix systems in vitro. Collagen and fibrin are of particular interest in this context because of their prominent role as wound healing proteins [27, 28] . Studies in which collagen and fibrin were combined as composite matrices have suggested that collagen delays neovessel formation in a dose-dependent manner [29] . Previous work in our lab has shown that collagen/fibrin (COL/FIB) composite materials have mechanical properties distinct from either of the pure components alone, even at equivalent total protein concentrations [30, 31] . The effects of matrix concentration and stiffness on capillary morphogenesis have recently been investigated using pure extracellular matrix components of different compositions and stiffness [32] [33] [34] . These studies have shown that the degree of vascularization can be modulated by the properties of the surrounding matrix, and have suggested an inverse relationship between matrix stiffness and the degree of neovessel formation.
In the present study, we systematically examined vasculogenesis by EC-MSC co-cultures in vitro using well defined three-dimensional (3D) matrices made of collagen and fibrin. Our goal was to determine the relative role of cell ratio and matrix composition in a controlled environment that incorporated both pure and composite formulations of matrix proteins of relevance in wound healing. In particular, we varied the EC:MSC ratio and the COL/FIB proportion of the surrounding matrix and quantified the degree of vessel-like structure formation. The mechanical properties of the extracellular matrices were assessed using rheometry to provide measures of the stiffness of the matrix. Our findings demonstrate that COL/FIB matrices supported vasculogenesis in vitro, but the degree of vessellike structure formation was dependent on matrix composition. Further experiments in which matrix mechanical properties were varied revealed a clear correlation between matrix stiffness and the degree of vasculogenesis. These studies highlight key features of the extracellular milieu that regulate neovessel formation, which may provide insight into the biological process of vasculogenesis. In addition this knowledge may be applied to promoting neovascularization of transplanted tissues.
Materials and methods

Cell culture
Human mesenchymal stem cells (MSC; Lonza Inc., Walkersville, MD, USA) were cultured in Dulbecco's modified Eagle's medium (low glucose DMEM; Thermo Scientific; Logan, UT, USA) supplemented with 10% MSC-qualified fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, USA) and 1% penicillin and streptomyocin (PS; Invitrogen). MSC were used between passages 6-8. Media was changed every other day.
Human umbilical vein EC were isolated from harvested umbilical cords as previously described [20] . Briefly, umbilical veins were irrigated with sterile phosphate buffered saline (PBS) and then incubated with 0.1% collagenase (Type I, Worthington Biochemical, Lakewood, NJ, USA) at 37°C for 20 min. The digestion product was collected, the vein was washed with PBS, and the resulting suspension was centrifuged. The cell pellet was re-suspended in Endothelial Growth Medium-2 (EGM-2, Lonza) and plated into flasks. After 24 h, the cells were washed with PBS to remove residual erythrocytes. EC were cultured in EGM-2 and used at passage 4. Culture medium was changed every other day.
Fabrication of three-dimensional collagen-fibrin gels Collagen (COL) and fibrin (FIB) composite gels were fabricated as previously described [31] , and the process is shown schematically in Fig. 1 . Briefly, 4.0 mg/ml Type I COL (MP Biomedicals, Solon, OH, USA) was dissolved in 0.02N acetic acid and 4.0 mg/ml bovine fibrinogen (Sigma Aldrich, St. Louis, MO, USA) was dissolved in DMEM. Cell-seeded COL/FIB composite gels were created by suspending EC and MSC in a mixture with 10% FBS, 10% 59-concentrated DMEM (starting concentration), 5% 0.1N NaOH, 2% bovine thrombin (0.1 UT/ml; Sigma), COL, and fibrinogen at 4°C. COL and fibrinogen volumes were varied to generate COL/FIB composite gels at mass ratios of 100/0 (pure COL), 60/40, 50/50, 40/60, and 0/100 (pure FIB) at a constant total protein concentration of 2.5 mg/ml. 19-concentrated DMEM was used to fill the final volume to 100%. The suspension was then pipetted into a 24-well plate and allowed to gel at 37°C for 45 min. The resulting gels contained homogenously distributed EC and MSC embedded directly within the protein matrix. Cells were embedded in the gels in all five COL/FIB concentrations at EC:MSC ratios of 5:1, 3:2, 1:1, 2:3, and 1:5. The total cell concentration of all gels was kept constant at 6.0 9 10 5 cells/ml. After fabrication cell-seeded gels were cultured for 7 days at 37°C and 5% CO 2 .
The first experimental series examined the effects of cell ratio and relative matrix composition using the parameters described above. In subsequent studies, a cell ratio of 1:1 EC-MSC and a matrix composition of 40/60 COL/FIB were used. The effect of total protein concentration on vasculogenesis was evaluated by creating COL/FIB gels with total protein concentrations of 1.25, 2.5, and 5.0 mg/ ml using a stock collagen solution of 4.0 mg/ml and stock fibrinogen solutions of 4.0 and 20.0 mg/ml. To examine the effect of matrix stiffness independently from matrix concentration, the small dialdehyde glyoxal was used to crosslink 40/60 COL/FIB composite gels. Glyoxal was added at 1.0 mM directly to the pre-gelled matrix solution containing 1:1 EC:MSC and gelation was initiated by incubating the mixture at 37°C for 45 min. Gels were then washed three times for 10 min each in PBS to remove unreacted glyoxal and medium was added.
Vasculogenesis assay
Endothelial cells were labeled with a fluorescent protein (mCherry; Clontech, Mountain View, CA, USA) as previously described to allow visualization and quantification of vessel-like networks [17] . A retroviral expression system (Orbigen Inc., San Diego, CA, USA) was used to achieve stable expression of the mCherry gene by EC. At days 1, 3, 5, and 7 post-fabrication, gels were imaged on a fluorescent microscope system (Olympus America Inc., Center Valley, PA, USA). Five representative images of each sample were taken at each time point. The images were analyzed using the Angiogenesis Module in Metamorph Premier Software (Molecular Devices Inc., Sunnyvale, CA, USA) as previously described [20] . Minimum width, maximum width, and intensity over background were set to discriminate vessel-like structures within the images. The total length of formed vessel-like structures was then calculated.
Confocal imaging of EC, MSC, and matrix architecture
To determine the relative positions of the different cell types in 3D composite matrices, MSC were retrovirally transduced to achieve expression of GFP, using the same methods as for mCherry transfection (Orbigen Inc., San Diego, CA, USA), and were co-embedded with mCherry labeled EC. Images were acquired using a laser scanning confocal microscope (Olympus America Inc., Center Valley, PA, USA). Separate image scans were taken to identify the EC and MSC, and these sections were combined to determine co-localization of the cell types. Image scans were captured in a horizontal plane containing vessel-like structures. Images of the matrix architecture were obtained using confocal reflectance microcopy at a wavelength of 488 nm. These images are included in the Supplementary Data.
Cell viability and proliferation
Cell viability was assessed using a vital staining kit (Live/ Dead Ò , Molecular Probes, Eugene, OR, USA) as previously described [35] . Briefly, gels were washed three times in sterile PBS for 10 min and then incubated at 37°C for 45 min in a solution containing 4.0 lm calcein-AM and 4.0 lm ethidium homodimer-1 in PBS. After three subsequent PBS washes, gels were imaged using a laser scanning confocal microscope (Olympus). Viability was quantified using ImageJ Software (National Institute of Health, Bethesda, MD, USA).
To quantify cell proliferation during the culture period, the total DNA content of gels was determined and run against a standard curve. Gels were washed three times in PBS for 10 min per wash and were then extracted using 4.0 M guanidine hydrochloride solution. DNA analysis was performed on samples at days 0, 1, 3, and 7 of culture using a commercially available DNA assay (PicoGreen Ò , Invitrogen Inc.).
Gel rheology
The mechanical properties of acellular COL/FIB composite gels were determined by gel rheometry (AR-G2, TA Instruments, New Castle, DE, USA) [36] . Pre-mixed COL/ FIB matrix solutions were loaded onto a Peltier stage precooled to 10°C. A 20 mm steel parallel plate was used at a gap height of 1,000 lm. A temperature ramp over 2 min was performed to raise the temperature of the system to 37°C. A time sweep was then conducted for 45 min at 37°C at 1% strain and at an oscillation frequency of 1 rad/s to simulate the gelation conditions used in the vasculogenesis assay. Reported storage (G 0 ) and loss (G 00 ) moduli were generated from the average of the last 5 min of the time sweeps.
Statistical analysis
All quantitative analyses were processed using a one-way Analysis of Variance using Tukey's post hoc analysis. Statistical significance was set at p \ 0.05. Numerical values are presented as mean ± standard deviation; n = 3 for EC-MSC cell ratio vasculogenic assays, n = 4 for cell proliferation studies, n = 5 for all rheological data, n = 4 for protein concentration and glyoxal vasculogenic assays, and n = 4 for cell viability studies.
Results
Effect of matrix composition
Collagen/fibrin composite matrices were fabricated at COL/FIB compositions of 100/0, 60/40, 50/50, 40/60, and 0/100. Figure 2 shows representative images of these materials seeded with cells at a 1:5 EC-MSC ratio (panels 2a-e) and examined after 7 days in culture. In general, the degree of vessel-like network formation clearly increased with increasing fibrin content in the composite gels. Figure 2f shows quantification of the total network length over time in culture. The trend for increased network development over time is evident and all five matrix compositions showed significantly higher values (p \ 0.05) of both total network length and the number of segments at day 7 compared to day 1. By day 7, the length for all composite matrix compositions were significantly higher than the pure collagen (100/0) group. At day 7 the pure fibrin (100/0) group had statistically higher values (p \ 0.05) of network length compared to the 60/40, 50/50, and 0/100 matrix compositions. However, there was no statistical difference in either total network length or the number of segments between pure fibrin and the 40/60 matrix composition. Figure 2g shows quantification of the number of network segments in each of the matrix compositions over time. These data closely mirror the total network length data, indicating that the vessel-like networks grew through branching and joining, as opposed to simple elongation of existing vessel segments. This trend of network growth via branching and joining of segments was evident in all of the samples analyzed (see Supplementary Data). Figure 3a shows vasculogenesis data at day 7 for all five matrix compositions and all five EC:MSC ratios investigated. The trend of increasing network formation with increasing fibrin content is evident in these data as well. Within each matrix composition, the 5:1 EC:MSC ratio resulted in the lowest values for total network length relative to all other cell ratios. In the 100/0, 50/50, and 0/100 compositions, the 3:2 EC:MSC ratio resulted in significantly greater values of total network length, compared to the other cell ratios. In general, there was no marked difference in vessel-like structure formation between the 1:1, 2:3, and 1:5 EC:MSC ratios. Figure 3b shows the total network length as a function of matrix composition, using data pooled across all cell ratios, and indicates significant differences caused by altered protein content.
Effect of cell ratio
A full panel of experiments was performed, which included each of the five matrix compositions seeded with each of the five cell ratios, and analyzed at each of the four time points. Figures 2 and 3 summarize the trends that were observed across all samples, and the remainder of the full data set is presented in Supplemental Figures 1-4 . In the 2:3, 1:1, and 3:2 EC-MSC samples, the trends of increasing vessel formation with time and with increasing fibrin content were maintained. However, in the 5:1 EC-MSC samples the degree of vasculogenesis was markedly lower across all matrix compositions. Although vessel-like structures formed rapidly at this cell ratio, the network did not continue to expand, but instead retracted over time. In general, the pure fibrin (0/100) matrices resulted in significantly more (p \ 0.05) vessel-like structure formation compared to the 100/0, 60/40, and 50/50 matrix compositions. However, the 0/100 and 40/60 were similar in their behavior. Overall, it was clear that time and matrix composition had a greater effect on vasculogenesis than EC:MSC ratio.
These findings allowed us to narrow the set of matrix and cell formulations to be used in subsequent experiments. A COL/FIB composition of 40/60 was selected because it supported vasculogenesis to the same degree as pure fibrin, and both of these materials had the most robust response of the compositions tested. Similarly, an EC:MSC ratio of 1:1 was selected because this cell ratio behaved similar to the other ratios in the 40/60 matrix. The selection of a single construct formulation facilitated the extension of our studies without requiring all formulations to be examined.
Cell interactions and proliferation
Distinct labeling of EC and MSC using different fluorescent labels allowed the examination of the spatial Figure 4d shows the total DNA extracted from cellseeded composite matrices, which was used as a measure of cell number and proliferation over the 7 day culture period. The number of cells increased significantly day 0 (post-gelation) to day 1, and then plateaued from day 1 to 3. Significant cell proliferation was again evident between day 3 and day 6, and overall the cell content of the gels increased by about 70% over the 7 day period.
Mechanical properties of COL/FIB materials
To evaluate the effect of material properties on vasculogenesis, the shear moduli (storage and loss modulus) of the COL/FIB composite gels were evaluated at all five matrix compositions. Representative time sweeps are shown in Fig. 5a and revealed distinct gelation curves for the pure and composite materials. Pure collagen (100/0) gelled rapidly and the modulus rose sharply, followed by a gradual decrease in modulus over time until it plateaued. Pure fibrin (0/100) had a delayed gelation response and then gelled to reach a plateau modulus. The mixed composites had intermediate behavior, which depended on their composition. The average moduli of gelled materials are presented in Fig. 5b , which shows that gel stiffness as represented by the storage modulus (G 0 ) decreased with increasing fibrin content. The 100/0 composition was significantly stiffer than the other materials. The 40/60 and the 100/0 compositions exhibited very similar mechanical properties. Figure 5c shows the correlation between total network length and matrix stiffness, and suggests an inverse linear relationship between these parameters (R 2 = 0.92). The loss modulus (G 00 ) was also calculated from the dynamic testing data, and generally followed the same trends as the storage modulus. This parameter provides a measure of the viscoelastic nature of the hydrogels, and reflects the amount of viscous energy dissipation under dynamic conditions. We did not include this parameter in our interpretation of network formation in different materials, since the 3D gels were cultured under static conditions, in which viscous effects are unlikely to play a major role. Effect of protein concentration
The observed relationship between matrix stiffness and extent of vessel-like structure formation led us to further investigate this effect. To this end 40/60 COL/FIB gels were created at total protein concentrations of 1.25, 2.50 and 5.00 mg/ml, to alter overall matrix stiffness while keeping the COL/FIB ratio constant. The rheological properties and associated vasculogenesis data at 1:1 EC:MSC for these materials are shown in Fig. 6 . The gelling curves in panel 6a show that protein concentration affects the mechanical properties of these composites. The 1.25 mg/ml gels had a storage modulus of 11 ± 4 Pa, which increased to 56 ± 8 Pa (p \ 0.03) at 2.50 mg/ml, and to 222 ± 37 Pa (p \ 0.001) at 5.00 mg/ml, and the loss moduli followed a similar trend. Representative images of vasculogenesis in these materials at day 7 are shown in Figs. 6c-e and network length is quantified in Figs. 6f. There was no statistical difference between the 1.25 mg/ml and the 2.50 mg/ml materials at any time point. However, the 5.00 mg/ml materials exhibited dramatically decreased formation of vessel-like structures, relative to the lower concentration matrices at all time points (p \ 0.05).
Effect of glyoxal crosslinking
Another approach to changing the mechanical properties of protein gels without altering the overall composition is to crosslink the matrix. To this end we used glyoxal, a small dialdehyde that crosslinks free amine groups, to stiffen 40/60 COL/FIB composite gels. The rheological properties and associated vasculogenesis data for these materials seeded with 1:1 EC:MSC are shown in Fig. 7 . Treatment with glyoxal altered the gelation dynamics (panel 7a) and resulted in an approximately twofold increase in the storage moduli (panel 7b) of gels with otherwise identical composition. Vessel-like structures formed in both untreated control and crosslinked gels (panels 7c-f), but crosslinked materials exhibited significantly lower values of both total network length by day 7 (panels 7g). Cell viability was assessed in both control and crosslinked gels, as shown in Fig. 8 . Viability was high in all samples at both day 1 and day 7 (panels 8a-d), and there was no significant difference in viability between treatments at either time point (panel 8e).
Discussion
This series of studies examined the effects of material composition, EC:MSC ratio, and matrix stiffness on vasculogenesis in a well-defined, 3D in vitro model. The relative amounts of collagen and fibrin in the matrices were shown to have a marked effect on the formation of vessellike networks in COL/FIB materials. In particular, the degree of vasculogenesis clearly increased in a dosedependent manner with increasing fibrin content. While it is well established that both the extracellular matrix and the presence of stromal cells can modulate vasculogenesis, the interaction between these factors and in particular the effects of matrix type and density on the vasculogenic response are not fully understood. Earlier studies that used collagen and fibrin in vasculogenesis assays showed that these proteins can affect neovessel formation [15, 30, 37] , however the properties of the matrix that produce these effects are still being elucidated. The present study used compositionally defined 3D composite materials to further contribute to our understanding of how these biologically active and structurally important wound healing proteins can regulate neovessel formation. The communication between EC and stromal cells is an area of increasing importance in a variety of fields [20, 24] , and therefore we examined the effect of varying the EC:MSC ratio on the degree of vasculogenesis. The chosen EC:MSC fractions were varied from 1:5 to 5:1 to cover a relatively wide range of ratios, while the total cell concentration was kept constant. Interestingly, the group with the highest relative fraction of EC (5:1) exhibited the lowest vasculogenic response over a week in culture in all five of the tested matrix compositions. Although this cell ratio supported rapid formation of vessel-like structures initially, the total length and number of vessel-like structures decreased over time in culture. This behavior contrasts with the other (lower) EC:MSC ratios examined, which exhibited steadily increasing network length over time. These results highlight the importance of pericytelike cells in promoting and stabilizing nascent structures. In addition, clear co-localization of EC and MSC was observed when both cell types were labeled and imaged, further suggesting peri-endothelial interaction between the two cell types. These associations between endothelial and stromal cells have been shown to be important for stable neovessel formation in other recent studies [14, 17] . The 40/60 COL/FIB material seeded with 1:1 EC:MSC was selected for further study because it exhibited the highest degree of vasculogenesis. This composition was statistically the same as pure fibrin in this regard, however in some applications a composite matrix may have advantages over a pure material. For example, the use of composite matrices has become more common in tissue engineering applications in order to harness both the mechanical and biochemical properties of such materials [30, 38] . Assessment of DNA content in these composite materials over time showed that cell number increased initially, followed by a plateau phase, and a subsequent second phase of cell growth. Cell proliferation is important to the vascular extension and maturation process. In this study, we were not able to distinguish between DNA contributed by EC and that contributed by MSC. However, the initial growth phase may reflect proliferation of EC, which have been shown to be capable of rapid division in response to mitogen stimulation [39] . The later growth phase may reflect either continued EC division to extend vessels or may be due to proliferation of MSC, which may grow more slowly as they establish pericyte function [40] .
Rheological analysis showed that the mechanical properties of the COL/FIB composite materials varied with composition. In particular, the pure collagen materials were the stiffest and the pure fibrin materials were the least stiff, with the stiffness of composite materials falling in between the pure materials. A clear inverse relationship existed between matrix stiffness and degree of vessel-like structure formation. These findings agree with those of other recent studies that have examined the role of matrix compliance in the formation of neovasculature in vitro and in vivo [33, 34] , and which have suggested that vasculogenesis is inhibited in stiffer matrices. In the present study, we further investigated the role of matrix stiffness in modulating vasculogenesis by performing studies on 40/60 COL/FIB materials fabricated at a range of total protein concentrations. The resulting materials varied in stiffness in direct relation to the total protein content. The stiffest materials (5.00 mg/ml) exhibited about a fourfold increase in storage modulus relative to the standard 2.50 mg/ml materials, and showed a correspondingly decreased vasculogenic response. In contrast, the least stiff materials (1.25 mg/ml) exhibited a storage modulus only about one-fifth of the standard 2.5 mg/ml materials, but showed no statistical difference in the formation of vessel-like structures. These results provide further evidence that matrix stiffness may be involved in modulating vasculogenesis, but also suggest that there may be a minimum stiffness below which the effect is no longer evident. Increasing the total protein concentration in gel matrices does not alter the stiffness independently of all other factors that may affect cell function, since increased protein content can also lead to changes in adhesive ligand density and porosity of the matrices. Analysis of matrix architecture using confocal reflectance microscopy verified that the matrix architecture varied with both changing matrix composition and concentration (see Supplemental Figure 5 ). In an attempt to further isolate the effects of stiffness the protein matrices were crosslinked with glyoxal, a small dialdehyde that we have used previously to increase the mechanical properties of protein matrices without adversely affecting the viability of embedded cells [35] . Glyoxal crosslinking induced a twofold increase in storage modulus in the 40/60 COL/FIB matrix composition with a resulting decrease in total network length at day 7. However confocal reflectance imaging showed that the matrix structure was also changed by crosslinking, though the effect was relatively modest. Viability staining confirmed that the decrease in vasculogenic response was not due to cell death. These data further support the idea that increased matrix stiffness results in decreased vessel-like structure formation, though the effect of crosslinking on stiffness may not have been completely independent of matrix architecture.
The cell proliferation assays used in this study measured total cell number in 3D matrices over time, but were based on DNA content and therefore did not distinguish between EC and MSC. The mechanism of network formation in 3D COL/FIB materials could therefore not be fully elucidated, but it is likely that connected EC networks developed by a combination of cell elongation and cell proliferation. Images of networks clearly showed elongated EC, in contrast to a rounded EC morphology in materials that did not support robust network formation. While overall cell number increased over time in EC-MSC constructs, our data suggest that cell proliferation was not the sole contributor to network formation in our system. Cell number in COL/FIB matrices with varying protein concentration (Supplemental Figure 6A) showed that higher concentration materials resulted in more cell proliferation, but also exhibited reduced network formation. Similarly, cell number in glyoxal-treated constructs (Supplemental Figures 6B and 6C) was practically unaffected by crosslinking, whereas the degree of network formation was decreased in crosslinked matrices. In general, the degree of cell proliferation did not correlate strongly with network formation.
This study has demonstrated that matrix composition is a potent modulator of vasculogenic activity in 3D matrices containing embedded EC and MSC. In particular, fibrincontaining matrices were permissive of a robust vasculogenic response, whereas matrices with a high collagen Type I content resulted in decreased vessel-like structure formation. Importantly, composites could be created that maintained strong vasculogenic activity while also containing both collagen and fibrin, which may be beneficial in some applications. The ratio of EC:MSC was not a strong The clear correlation between matrix stiffness and the vasculogenic response suggested that mechanical properties may be important in modulating vessel formation, and follow-up experiments in which stiffness was varied provided supporting evidence for this idea. However, the experimental treatments used in this study also altered the matrix architecture, which may have lead to changes in mass transport, ligand density, or other parameters that could modulate vasculogenesis. Taken together, these results are relevant to the variety of in vitro systems that have been developed to study angiogenesis and vasculogenesis, and in particular those that rely on 3D protein matrices to simulate the tissue environment. In addition, these data are relevant to efforts to understand and promote vasculogenesis in engineered tissues, which is a key challenge in the transplantation of larger structures.
